The present study investigated quantitatively the significance of HNLC (high-nutrient low-chlorophyll) regions and its grazing control with the improved iron fertilization for climate change. The limitation of iron (Fe) for phytoplankton growth in HNLC regions was confirmed by sulfur compounds (S) such as volcanic ash and hydrogen sulfide (H 2 S) in batch cultures, whose chemical sediment of Fe 3 S 4 showed 4.06 wt%. The technologies developed for iron fertilization since 1993 till now were not practical to provide sufficient amounts of bioavailable iron due to sedimentary iron sulfides induced by undersea volcanic sulfur compounds. The proposed technology for iron fertilization was improved to enhance the bioavailable iron to phytoplankton by keeping minimal sulfur compounds in HNLC regions. The low productivity of phytoplankton by grazing control in HNLC regions was 6% diatoms whose 52% was grazed by copepods and 42% by krill on the basis of data analysis in 2000 EisenEx Experiment at boundary of Antarctic and African tectonic plates. All of the previous iron fertilization experiments were conducted at volcanic sulfur compounds enriched HNLC regions. The present study revealed that the enhanced phytoplankton productivity in batch culture without sedimentary iron sulfides can be possible only if sulfur compounds are minimal, as is in Shag Rocks (53˚S, 42˚W) of South Georgia in Scotia Sea in the Southern Ocean.
Introduction
The hypothesis of iron fertilization was speculated by English Martin's iron enrichment experiments into the amounts of carbon drawn into the seas by algae formed the basis for 14 mesoscale efforts during the last 24 years. Martin and Fitzwater [2] hypothesized in 1988 that primary productivity in HNLC regions was limited by the availability of iron (Fe). Hematite (Fe 2 O 3 ) and goethite (FeO(OH)) in the aeolian dust tend to be associated with fine (0.3 -1 μm) particles, with long residence times (days) in the atmosphere and thus potentially long transport paths [3] . If Fe reacts with dissolved sulfur (S) under steam heating (T > 600˚C) conditions [4] , the product results in insoluble black ferrous sulfide (FeS), which reacts again with acidic hydrogen sulfide (H 2 S) to form pyrite (FeS 2 ) and hydrogen (H 2 ) [5] . The existence of HNLC regions was attributed to constant zooplankton grazing over phytoplankton, trace metal toxicity, limitation of iron input, light limitation due to the deep mixed layer.
However, none of these factors have been proved conclusively [1] [6] . Woods Hole Oceanographic Institution studied the design for a mesoscale iron enrichment experiment with several questions such as where should the experiment be performed and what would be used as an iron source [7] . No one has yet clearly answered to these questions even if 14 iron enrichment experiments were conducted in HNLC regions. The goal of the present study was to examine empirically the Fe limitations induced by S compounds of volcanic ash and hydrogen sulfide to improve the iron fertilization for the maximal phytoplankton productivity and estimate analytically the grazing control by copepods and krill over diatoms in HNLC regions.
Results and Discussion

Mass Balance of Iron in Global Surface Ocean
In order to differentiate the global ocean into four oceanic regions in terms of accumulation rates of iron (Fe) and sulfur (S), the accumulation rate of Fe in the ocean, ( d d Oceans are subdivided into four regions based on the amounts of nutrient and chlorophyll; HNLC (high-nutrient, low-chlorophyll), HNHC (high-nutrient, high-chlorophyll), LNLC (low-nutrient, low-chlorophyll), and LNHC (low-nutrient, high-chlorophyll), as shown in Table 1 S t  for LC (low-chlorophyll) regions (as is in HNLC and LNLC) are satisfied if Fe is rarely replenished from deserts and subsurface water upwelling while volcanic S compounds are abundant. We present a review of the four oceanic regions listed above is presented here. 1) The southern Omani coast was studied to evaluate HNLC characteristics during the late Southwest Monsoon (Aug.-Sep.) [9] . Fe-replete dusts from the Arabian and Syrian deserts were blocked by high Omani mountains (~3000 m) during the late Southwest Monsoon so that desert dusts could not reach the southern Omani coast, where many volcanoes are active (e.g. 13 volcanoes in Yemen), Saudi Arabia (24 volcanoes), Iran (7 volcanoes), Iraq (1 volcano), India (4 volcanoes), and Pakistan (7 volcanoes 
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Benguela upwelling system
Kalahari, Namib
None active but extinct; Angola(0), Namibia (1), South Africa (4) ) were monitored in Java Sea [12] , where is a major fishing ground in Indonesia. Java Sea of Indonesia meets the
for LNHC region. Therefore, the present scheme of categorizing oceans in HNLC, LNLC, HNHC and LNHC regions by using the relative magnitude of the accumulation rates of Fe from deserts and subsurface water upwelling while S from volcanic sulfur compound, as illustrated in Table 1 , appears to be reasonable.
Estimation of Desulfurization Time from Fresh Volcanic Ashes
Iron in volcanic ashes have been reported in a number of complex forms that in- [13] .
Fresh volcanic ash from Japanese Ontake volcano erupted in September 27 th , 2014, was sampled a week later after its eruption to determine concentration of sulfur ( Table 2) . (Table 2) were far greater (10.8 -191.8 ) than that of the fresh Ontake volcanic ash (1.13), it was evident that volcanic sulfur was diminished likely due to weathering, as shown in Figure 2 . The relationship between S content and the elapsed time was modeled by the first order decay [14] as ( ln T.-J. Kim et al. 
Phytoplankton Productivity with Iron (Fe) and Volcanic Ash
The effects of Fe and volcanic ash upon the growth of phytoplankton were experimentally examined under aerobic culture of Chlorella vulgaris with various JM media; with its own Fe, mixture of 75% clay and 25% volcanic ash, fresh 100% volcanic ash, without its own Fe. The growth curves for 4 similarity experiments of 4 ecosystems ( Table 1) Table 1 . The present results of bottle experiments showed similar growth patterns of "with iron" (+Fe) and "without iron" (−Fe) in Martin [6] . LNLC, without its own Fe (-Fe, -•-) HNLC. Standard deviation was expressed by each error bar for three measurements with excellent reproducibility. The 100% volcanic ash (V100) showed the low growth of phytoplankton, similar to LNLC regions. The base medium without Fe showed the lowest growth, similar to HNLC regions. The present similarity experiments were in good agreement with the phytoplankton productivity of oceanic regions in the sequence of HNHC > LNHC > LNLC > HNLC in Table 1 . The present results of bottle experiments showed similar growth patterns of "with iron" (+Fe) and "without iron" (-Fe) in Martin [6] . Figure 4 . Therefore, the volcanic eruption enhances the formation of FeS and FeS 2 to be Fe-limited condition of "LC" (low-chlorophyll).
Reaction with Iron and Sulfur Compounds
Iron sulfate heptahydrate (FeSO 4 ·7H 2 O) has been used in the iron fertilization experiments as main source of iron due to its high solubility in water. Each 25 gram was dissolved in two bottles with 1 liter distilled water; one was bubbled with H 2 S gas (50 ppm, 2 LPM, 30 minutes) while another was kept as blank. 
Phytoplankton Productivity with H2S
The effect of S compounds upon the growth of phytoplankton was experimentally examined. 
HNLC Regions
Characteristics of HNLC regions were well described by high surface nitrate, low DO, high SO 2 dispersion and Fe-limited profiles in Figure 9 . Figure 9 . Global distribution maps associated with HNLC regions: (a) Locations of iron fertilization till the present detailed in 
Previous 14 Iron Fertilization Experiments
The previous 14 iron enrichment experiments on mesoscale size since IronEx I of 1993 till Haida Gwaii of 2012 (Table 3) have commonly shown short-term impacts on the sequestration of atmospheric CO 2 due to their inappropriate locations near or on the streamlines of high SO 2 ( Figure 9 (c)), low DO ( Figure   9 (d)), near active volcanoes (Figure 9 (e) and Table 3 ), and tectonic plate boundaries ( Figure 9 (f) and •yr −1 for Southern Ocean, 7 for Equatorial Pacific, and 14 for Subarctic Pacific) [11] , and 5) Isolated (Southern Ocean and Subarctic Pacific) from neighboring Oceans by currents and winds, as summarized in Table 3 . The locking and eventual removal of Fe by volcanic S compounds may have resulted in nutrient-enriched but Fe-limited HNLC regions while other oceanic regions maintain high chlorophyll with less accumulation of major nutrients (N, P, Si). Although 14 iron fertilization experiments during the last 24 years have been conducted [22] including LOHAFEX in 2009 [27] and Haida in 2012 [11] (Table  4) , such experiments (Figure 9(a) ) have never been conducted at location that is free from serial volcanic eruptions in the recent 74 years for the removal of volcanogenic sulfur (see Figure 2 ).
Improved Iron Fertilization Experiment
The sulfate concentration increased horizontally towards the volcanic source [28] . Vertical profile of O 2 at the southern Omani coast with seasonal HNLC characteristics showed severely O 2 -depleted waters (DO < 0.2 mg·l −1 , ~9 μM O 2 ) from 170 m to 1000 m depth due to extensive consumption of DO in waters by the volcanic S compounds, while minimum limit of dissolved oxygen content for living fish of about 5 mg•l −1 DO (156 μM O 2 ) was available from its oceanic surface to 80 m depth [9] . Thus, the volcanic S compounds deposited on the surface ocean of HNLC regions appear to dissolve their S compounds extensively at the depth range of 170 m and 1000 m where phytoplankton cannot live due to toxic volcanic chemicals (SO 2 , H 2 S, HCl, HF, H 2 SO 4 ) [29] in waters. In contrast, the concentration of diatom Pseudonitzschia was maximal between 45 to 80 m (or upper 80 m) depth in HNLC region [30] . Therefore, Fe-replete composite should be made using Fe-enriched natural clays (7% -18% Fe in west Australia) or aged (more than 74 years) desulfurized volcanic ashes while the target sea area should be O 2 -enriched upper 80 m layer of the surface ocean with buoyant carriers so as to be assimilated to phytoplankton community. Table 4) were located near subaerial and underwater volcanoes in the divergent boundaries of tectonic plates (Figure 9 (c) and Figure 9 (e); Table 4 
Data Analysis for Grazing Control in HNLC Regions
The substitution of ferredoxin by flavodoxin, the use of plastocyanin instead of cytochrome bƒ and a variant stoichiometry of photosynthetic complexes are [39] . Diatoms by cheap (8%) energy requirement with genetically adapted system in HNLC regions [40] are capable of dividing at any point of the diel cycle, which are preferably fed by copepods and krill during the night. The depth of the iron enrichment experiment should be within the top 80 m layer where diatoms [41] , krill and humpback reside together while copepods live deeper to escape from krill with inverse relationship between krill and copepods abundances [42] . In the present analysis of the experimental data [43] in 2000 EisenEx Experiment conducted in the Southern Ocean (21˚E, 48˚S) in Table 4 , the unsteady state mass balance of diatoms in a controlled patch volume is given by: Figure 10 . Relative uptake percentage of required iron for the syntheses of cyanobacteria, diatoms, and flagellates with corresponding nitrogen enzymes.
If we wanted to sequester the atmospheric CO 2 by the efficient growth rate of diatoms with iron enrichment, we had to keep the concentrations of diatoms after the iron fertilization (X d ) to be greater than concentrations of diatoms before the iron fertilization (X do ) with the constraint as, Table 4 in Manuscript 1 [43] , clearance rates inside the fertilized patch were given by, Calanus simillimus (12.4 Since diatoms were mainly (70%) ingested by Euphausia superba and Calanus propinquus, as shown in "BSi ingested %" of Table 1 in Manuscript 3 [43] , the grazing rate by krill, k  , was given by,
Since c  and k  were determined, the apparent diatoms growth rate was given by, [43] , "diatoms % contribution to abundance in control bottles" were given as a function of days with 5 interpolated data points such that time "(days)" and, "diatoms % contribution to abundance after the first iron fertilization (X d )" were, (t, X d ) as (2, 55), (7, 65) , (8, 62) , (11, 75) and (16, 80) Figure 11 . Logarithmic ratio of frequency distribution of the major prey taxa in the control bottles over the course of the experimental days to determine the apparent diatoms growth rate after grazed by copepods and krill, whose data were interpolated and rearranged from Figure 2 in Manuscript 1 [43] for the present study.
It was summarized as;
1) The apparent growth rate of diatoms (0.0037 h 
Conclusion
The present study examined empirically the Fe limitations induced by sulfur compounds of volcanic ash and hydrogen sulfide to improve the iron fertiliza- 
